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We investigate theoretically nonequilibrium quantum transport in a quantum dot attached to a
Majorana bound state. Our approach is based on the Keldysh Green’s function formalism, which
allows us to investigate the electric current continuously from the zero-bias limit up to the large bias
regime. In particular, our findings fully agree with previous results in the literature that calculate
transport using linear response theory (zero-bias) or the master equation (high bias). Our I − V
curves reveal a characteristic slope given by I = (G0/2)V in linear response regime, where G0 is the
ballistic conductance e2/h as predicted in Phys. Rev. B 84, 201308(R) (2011). Deviations from this
behavior is also discussed when the dot couples asymmetrically to both left and right leads. The
differential conductance obtained from the left or the right currents can be larger or smaller than
G0/2 depending on the strength of the coupling asymmetry. In particular, the standard conductance
derived from the Landauer-Bu¨ttiker equation in linear response regime does not agree with the full
nonequilibrium calculation, when the two leads couple asymmetrically to the quantum dot. We
also compare the current through the quantum dot coupled to a regular fermionic (RF) zero-mode
or to a Majorana bound state (MBS). The results differ considerably for the entire bias voltage
range analyzed. Additionally, we observe the formation of a plateau in the characteristic I − V
curve for intermediate bias voltages when the dot is coupled to a MBS. Thermal effects are also
considered. We note that when the temperature of the reservoirs is large enough both RF and MBS
cases coincide for all bias voltages.
PACS numbers: 85.35.Be, 73.63.Kv, 85.25.Dq, 73.23.Hk
I. INTRODUCTION
In 1937 Ettore Majorana realized that the Dirac equa-
tion could be modified to support a new class of parti-
cles called Majorana fermions (MFs), with the intrigu-
ing property that these particles are their own anti-
particles.1,2 Mathematically, if η is the annihilation op-
erator for a Majorana particle then η = η†. These ex-
otic particles are non-abelian anyons, which means that
particle exchanges are not merely accompanied by a +1
for bosons or a −1 for fermions that multiplies the wave
function. Additionally, the exchange statistics of MFs
does not follow the regular anyons observed as quasi-
particles in 2D systems, where the exchange operation
yields a Berry phase eiφ multiplying the wave function.3
Thus we end up for MFs with an exotic non-Abelian ex-
change statistics. Until now no elementary particle on
nature was found as a MF. There is one possibility that
neutrinos might be MFs. On going experiments are at-
tempting to verify this hypothesis.4 Despite its origin in
high energy physics, MFs came recently in the news as
a quasi-particle excitation in the low-energy field of solid
state physics.5
Thus in the last few years the pursuit for devices host-
ing MFs has received much attention from the scientific
community, in particular working with quantum comput-
ing. Such a quest is due to the possibility of bounding
two far apart MFs in order to define a nonlocal qubit
completely immune to the decoherence effect, which is
crucial for the accomplishment of a robust topological
quantum computer.6–10 To this end, experimental real-
izations should reveal first signatures of MFs that ensure
the existence of them and hence, their application as es-
sential blocks for quantum computing. Nowadays, the
most promising setups for this goal lies on the supercon-
ductor based systems.11–19
For instance, it was recently measured as a MF sig-
nature a zero-bias peak in the conductance between a
normal metal and the end of a semiconductor nanowire
(InSb) that is attached to a s-wave superconductor.20,21
This superconductor induces superconductivity in the
InSb nanowire via the proximity effect. In the pres-
ence of a magnetic field parallel to the wire it was
found a peak sticked at the midgap of the nontrivial
topological superconductor. This peak is washed out
for zero magnetic fields or when the magnetic field is
parallel to the spin-orbit field of the wire. Addition-
ally, this peak tends to disappear when temperature in-
creases. All these features are in agreement with theoret-
ical works that settle the ingredients necessary to have
a Majorana bound state (MBS) in a hybrid nanowire-
superconductor device.22–26 However, an alternative ex-
planations for these measurements were later proposed.27
Additionally, MF are expected to appear in a variety of
solid state systems, namely, topological superconductors2
and fractional quantum Hall systems28. Moreover, MFs
are theoretically predicted to appear in a half-quantum
vortex of a p-wave superconductors29 or at the ends of
2supercondutor vortices in doped topological insulators.30
In solid state physics the main way to probe MBSs is
via conductance. A few experiments use tunneling spec-
troscopy to probe MFs as a zero-bias anomaly. There
are some theoretical proposals that deal with transport
through a single level quantum dot attached to a left
and to a right lead and to a MBS in the end of a
quantum wire.31,32 The main transport feature found for
this system is a conductance peak pinned at zero-bias
with an amplitude of one-half the ballistic conductance
G0 = e
2/h,31 valid when the left and right leads couple
symmetrically to the dot. We point out that in Ref. [32],
E. Vernek et al. have found that such a value arises from
the leaking of the MBS into the quantum dot. Addi-
tionally, the transport in this system was investigated in
the large bias regime, revealing a non-conserving current
between left and right leads.33
In the present paper we apply the Keldysh nonequilib-
rium Green’s function technique34 to extend these pre-
vious works to the whole bias voltage window, ranging
from the zero-bias limit up to the large bias regime. So,
instead of focusing only on the zero-bias anomaly, we ex-
plore the whole I − V curve in the presence of a single
MBS. For comparison we also show the results to the
case of a regular fermionic (RF) zero-mode coupled to
the dot. Both cases (MBS and RF) differ appreciably
along the bias voltage window, not only in the zero-bias
regime. We observe, for instance, the formation of an
additional plateau in the I-V curve when the dot is cou-
pled to a MBS. Additionally, it is found a slope at the
characteristic I −V curve equal to one-half the quantum
of conductance G0 when the bias voltage tends to zero,
in accordance to Ref. [31].
We pay particular attention to the coupling asymme-
try between left lead-quantum dot and right lead-quantum
dot. These couplings are characterized by the tunneling
rates ΓL and ΓR, respectively. We investigate the cases
ΓL > ΓR and ΓL < ΓR. Cao et al.33 found that in
the large bias regime the current is not conserved with
IL > IR or IL < IR depending on the asymmetry factor
y = ΓR/ΓL. Interestingly, the nonconserving feature also
affects the zero-bias conductance. The zero-bias limit de-
parts from G0/2 when the leads couple asymmetrically
(y 6= 1) to the dot. We have found in the zero-bias
limit dIL/dV > G0/2 and dIR/dV < G0/2 or the op-
posite, depending on the degree of asymmetry y. Nei-
ther dIL/dV nor dIR/dV coincide with the conductance
obtained via the Landauer-Bu¨ttiker equation in linear re-
sponse regime, except for symmetric couplings (y = 1).
This indicates that a full nonequilibrium quantum trans-
port formulation is more suitable to describe the system
with Majorana bound state. Thermal effects are also
investigated. We observe that when the temperature is
large enough both MBS and RF cases become indistin-
guishable for any bias voltage.
The paper is organized as follows. In Sec. II we present
a detailed derivation of the nonlinear transport equations
obtained via Keldysh technique. In Sec. III we show the
main results found and in Sec. IV we conclude.
FIG. 1. (Color online) Sketch of the system studied. A single
level quantum dot is coupled to both left and right leads. In
the presence of a bias voltage the system is driven away the
equilibrium and a tunnel current passes through the dot. A
semiconductor quantum wire (e.g. InSb) with strong spin or-
bit interaction lies on an s-wave superconductor that induces
a topological phase in the wire, resulting in localized Majo-
rana states at the ends of this wire, which is crossed by an
applied magnetic field parallel to it and perpendicular to its
spin-orbit field. The Majorana bound state closer to the dot
couples to it, which can affect the characteristic I−V profile.
II. MODEL AND FORMULATION
To describe the system presented in Fig. (1) we use the
Hamiltonian originally proposed by Liu and Baranger,31
H = Hleads +Hdot +HT + ǫM (f
†f − 1
2
) +
λA√
2
(df † + fd†) +
λB√
2
(df + f †d†), (1)
where the first term gives the free-electron energy of the
reservoirs, Hleads =
∑
k,α εkc
†
k,αck,α, the second term is
the single level quantum dot Hamiltonian, Hdot = εdd
†d
and the third term gives the tunnel coupling between
the quantum dot and the leads, HT =
∑
k,α[Vαc
†
k,αd +
V ∗α d
†ck,α], with α = L (left lead) or α = R (right lead).
The fourth term accounts for the Majorana modes, and
the last two terms can be understood as follows: (i) λA =
λ 6= 0, λB = 0 and ǫM = 0 we have a regular fermionic
(RF) zero-mode attached to the quantum dot and (ii) for
λA = λB = λ we obtain a MBS coupled to the quantum
dot. In case (i) the Hamiltonian becomes
H = Hleads +Hdot +HT +
λ√
2
(df † + fd†), (2)
3while for (ii) we have
H = Hleads +Hdot +HT + iǫMη1η2 + λ(d− d†)η1, (3)
where η1 =
f†+f√
2
and η2 = i
f†−f√
2
. In the following
nonequilibrium calculation we consider this last Hamil-
tonian. In order to compare our findings with the ones
obtained previously for the large bias limit, we adopt
λ =
√
2λ′, where λ′ gives the tunnel coupling between
the dot and the nearby MBS in Ref. [33]. We highlight
that the present spinless Hamiltonian for MFs assumes a
strong magnetic field applied on the whole setup of Fig.
(1), thus resulting a large Zeeman splitting where the
higher levels are not energetic favorable within the op-
erational temperatures of the system. In this case, one
spin component becomes completely inert and the spin
degrees of freedom can be safely ignored. As a result,
the Coulomb interaction between opposite spins in the
quantum dot is avoided and the model becomes exactly
solvable. To our best knowledge, this work is the first to
obtain such a solution by using Green’s functions in the
Keldysh framework.
The current in the lead α can be calculated from the
definition Iα = −e〈N˙α〉, where e > 0 is the modulus of
the electron charge. Nα =
∑
k c
†
kαckα is the total number
operator for lead α and 〈...〉 is a thermodynamics average.
The time derivative of Nα is calculated via Heisenberg
equation, N˙α = i[H,Nα] (we adopt ~ = 1), which results
in34
Iα = 2eRe[
∑
ka
VαG
<
d,kα
(t, t)], (4)
where G<d,kα(t, t) = i〈c
†
kα
(t)d(t)〉. After a straightforward
calculation the current expression can be cast into the
following form
Iα = ie
∫
dω
2π
Γα{[Grd(ω)−Gad(ω)]fα +G<d (ω)}. (5)
Here Γα = 2πV
2
αρα, with ρα being the density of states of
the reservoir α, and the Green’s functions Grd(ω), G
a
d(ω)
and G<d (ω) are the retarded, advanced and lesser Green’s
functions of the quantum dot. These Green’s functions
can be obtained via analytic continuation of the contour-
ordered Green’s functions Gd(τ, τ
′) = −i〈Tcd(τ)d†(τ ′)〉,
where Tc orders the operators along the Keldysh con-
tour. Since the equation of motion for Gd(τ, τ
′) is
structurally equivalent to the chronological time-ordered
Green’s function Gd(t, t
′) = −i〈Td(t)d†(t′)〉,34 in what
follows we calculate Gd(t, t
′) via equation of motion tech-
nique. Taking the time derivative with respect to t we
obtain
[i
∂
∂t
− εd]Gd(t, t′) = δ(t− t′) +
∑
k,α
V ∗αGckα(t, t
′)
− λGη1 (t, t′), (6)
where the additional Green’s functions were defined
as Gckα(t, t
′) = −i〈Tckα(t)d†(t′)〉 and Gη1(t, t′) =
−i〈Tη1(t)d†(t′)〉. Calculating the time-derivative of these
new Green’s function with respect to t we find
[i
∂
∂t
− εk,α]Gckα(t, t′) = VαGd(t, t′), (7)
and
i
∂
∂t
Gη1(t, t
′) = iεMGη2(t, t
′)− λGd(t, t′) + λGd†(t, t′).
(8)
Observe that two new Green’s functions arise at this
last equation, namely, Gη2(t, t
′) = −i〈Tη2(t)d†(t′)〉 and
Gd†(t, t
′) = −i〈Td†(t)d†(t′)〉. Performing once again the
time-derivative with respect to t of these two Green’s
functions we arrive at
i
∂
∂t
Gη2(t, t
′) = −iεMGη1(t, t′), (9)
and
[i
∂
∂t
+ εd]Gd†(t, t
′) = −
∑
k,α
VαGc†
kα
(t, t′) + λGη1 (t, t
′).
(10)
One more Green’s function appears at this last results,
G
c
†
kα
(t, t′) = −i〈Tc†kα(t)d†(t′)〉, whose equation of mo-
tion can be easily calculated,
[i
∂
∂t
+ εkα]Gc†
kα
(t, t′) = −V ∗αGd†(t, t′). (11)
Equations (6), (7), (8), (9), (10) and (11) constitute a
complete set of six differential equations. In order to
reduce to only four equations we write Eqs. (7) and (11)
in their integral forms35
Gckα(t, t
′) = Vα
∫
dt1gkα(t, t1)Gd(t1, t
′), (12)
G
c
†
kα
(t, t′) = −V ∗α
∫
dt1g
′
kα(t, t1)Gd†(t, t
′) (13)
and use them into Eqs. (6) and (10). This gives us
[i
∂
∂t
− εd]Gd(t, t′) = δ(t− t′) +
∫
dt1Σ(t, t1)Gd(t1, t
′)
− λGη1(t, t′), (14)
and
[i
∂
∂t
+ εd]Gd†(t, t
′) =
∫
dt1Σ
′(t, t1)Gd†(t1, t
′)
+ λGη1 (t, t
′),
(15)
where Σ(t, t1) =
∑
kα |Vα|2gkα(t, t1) and Σ′(t, t1) =∑
kα |Vα|2g′kα(t, t1). Equations (8), (9), (14) and (15)
constitute our new set of four-integrodifferential equa-
tions, which can be written in a matrix form as
4

i ∂
∂t
− εd 0 0 0
0 i ∂
∂t
0 0
0 0 i ∂
∂t
0
0 0 o i ∂
∂t
+ εd




Gd(t, t
′)
Gη1(t, t
′)
Gη2(t, t
′)
Gd†(t, t
′)

 = δ(t− t′)


1
0
0
0

+ ∫ dt1


Σ(t, t1) 0 0 0
0 0 0 0
0 0 0 0
0 0 0 Σ′(t, t1)




Gd(t1, t
′)
Gη1(t1, t
′)
Gη2(t1, t
′)
Gd†(t1, t
′)

+


0 −λ 0 0
−λ 0 iεM λ
0 −iεM 0 0
0 λ 0 0




Gd(t, t
′)
Gη1(t, t
′)
Gη2(t, t
′)
Gd†(t, t
′)

 , (16)
or in a more compact way as
~G(t, t′) = g(t, t′)~u+
∫ ∫
dt1dt2g(t, t1)Σ˜(t1, t2)~G(t2, t
′),
(17)
where the matrix g(t, t′) is defined according to

i ∂
∂t
− εd 0 0 0
0 i ∂
∂t
0 0
0 0 i ∂
∂t
0
0 0 o i ∂
∂t
+ εd

g(t, t′) = δ(t− t′)I,
(18)
with I being the 4× 4 identity matrix, and
Σ˜(t, t′) =


Σ(t, t′) 0 0 0
0 0 0 0
0 0 0 0
0 0 0 Σ′(t, t′)

+
δ(t− t′)


0 −λ 0 0
−λ 0 iεM λ
0 −iεM 0 0
0 λ 0 0

 . (19)
The vectors ~G and ~u are defined as
~G(t, t′) =


Gd(t, t
′)
Gη1(t, t
′)
Gη2(t, t
′)
Gd†(t, t
′)

 and ~u =


1
0
0
0

 . (20)
Iterating Eq. (17) we can show that
~G(t, t′) =G(t, t′)~u, (21)
with the Dyson equation
G(t, t′) = g(t, t′) +
∫ ∫
dt1dt2g(t, t1)Σ˜(t1, t2)G(t2, t
′).
(22)
Writing a similar equation in the Keldysh contour,34
G(τ, τ ′) = g(τ, τ ′) +
∫
C
∫
C
dτ1dτ2g(τ, τ1)Σ˜(τ1, τ2)G(τ2, τ
′),
(23)
and applying the Langreth’s analytical continuation
rules,34 we obtain in the frequency domain
Gr(ω) = gr(ω) + gr(ω)Σ˜r(ω)Gr(ω), (24)
to the retarded Green’s function and
G<(ω) = Gr(ω)Σ<(ω)Ga(ω), (25)
to the lesser Green’s function both already in the Fourier
domain. The retarded and lesser components of the self-
energy can be expressed as
Σ˜r(ω) =


− i
2
Γ(ω) −λ 0 0
−λ 0 iεM λ
0 −iεM 0 0
0 λ 0 − i
2
Γ(−ω)

 , (26)
and Σ<(ω) has only two nonzero elements,
Σ<11(ω) = i[ΓL(ω)fL(ω) + ΓR(ω)fR(ω)], (27)
Σ<44(ω) = i[ΓL(−ω)fL(−ω) + ΓR(−ω)fR(−ω)], (28)
With Eqs. (24) and (25) we can calculate the transport
properties described below.
III. RESULTS
In Fig. 2(a) we compare the characteristic I−V curve
in the cases of a MBS and a RF attached to the quan-
tum dot. We adopt ΓL as our energy scale, so the bias
voltage, the energy levels, and the coupling λ′ will be
expressed in units of ΓL, while the currents in units of
eΓL/h, with h being the Planck’s constant. For λ = 0
both results coincide and the system behaves as a single
level quantum dot. For λ 6= 0 distinct features arise in
each case. In particular, in the linear response regime,
the current presents a finite slope as the bias increases for
the MBS case while it is flat for the RF situation. As the
bias voltage increases above the linear response regime,
we observe the formation of a plateau in the current for
the MBS case and then it increases further, saturating
at large enough bias voltages. In contrast, for λB = 0
(RF) we have a single step current profile, without the
formation of an intermediate plateau. For larger biases
the current coincides for both cases (RF and MBS).
In Fig. 2(b) we show the differential conductance
(dI/dV ) for the currents presented in Fig. 2(a) in the
presence of a MBS. For λ = 0 the conductance dI/dV
is the standard Lorentzian with broadening given by
Γ = ΓL + ΓR. In contrast, for λ 6= 0 the conductance
reveals a three peaks structure, in which one of them has
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FIG. 2. (Color online) (a) Current and differential conduc-
tance against the bias voltage in units of ΓL for differing λ
′
and symmetric case y = 1. Both MBS and RF cases are
shown, as black and blue lines, respectively. The λ′ = 0 gives
the same results for both cases, which corresponds to a trans-
port through a single level quantum dot. For finite λ′ the two
cases present distinct I−V profiles. The RF case shows a flat
I − V characteristics around zero bias and then it increases
when the double-dot conduction channels cross the reservoir
chemical potential. Contrasting, the MBS regime yields a
typical slope around zero bias which turns into the G0/2 as
predicted in the literature. In panels (b)-(c) we show dI/dV
for both cases. While in the MBS the conductance is pinned
at 0.5 (λ′ 6= 0) it is zero in the RF regime. Parameters: y = 1,
ΓR = yΓL, kBT = 0.01ΓL, ǫM = 0, ǫd = 0, λ
′ = 0, 1ΓL and
2ΓL, λ =
√
2λ′.
an amplitude of 0.5 pinned at zero-bias, in accordance to
the work of Liu and Baranger.31 For the RF, though, we
find dI/dV similar to the characteristic T-shaped quan-
tum dot geometry,36 where the conductance is zero for
bias voltage close to zero.
It is valid to note that the currents presented in Fig.
(2) for both MBS and RF cases can also be obtained from
the standard Landauer-Bu¨ttiker expression37
I =
e
~
∫
dω
2π
[fL(ω)− fR(ω)]T (ω), (29)
where T (ω) = [ΓLΓR/(ΓL + ΓR)](−2)Im[Grdd(ω)], which
gives the following conductance in the linear response
limit
G =
e2
h
∫
dω
ΓLΓR
ΓL + ΓR
(−2)Im[Grdd(ω)][−
∂f
∂ω
]. (30)
This symmetric expression is only true for charge con-
serving systems where IL = −IR. This is always the case
when λB = 0 (RF). However, for λB = λA 6= 0 (MBS)
this is valid in the symmetric coupling regime (y = 1)
only. When y 6= 1 the left and right currents depart from
each other, and consequently the result obtained from
Eq. (29) differs from both IL and IR obtained via Eq.
(5).
In order to explore the coupling asymmetries (y 6= 1)
in the transport, we plot separately in Fig. (3) both IL
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FIG. 3. (Color online) (a)-(b) Left and right lead currents,
(c)-(d) differential conductance dI/dV and (e)-(f) current dif-
ference |IL − IR| against the bias voltage in energy units of
ΓL. We consider y = 0.5 (left panels) and y = 1.5 (right
panels). Both IL and IR present similar features against bias
voltage but distinct values. In particular the slope around
zero bias and the plateaus differ from each other. In order to
confirm our nonequilibrium calculation we compare the high
bias plateau with the ones predicted by Cao et al.33 via the
master equation technique. The different |IL − IR| increases
with bias and then it saturates at the value predicted in the
aforementioned reference. The zero bias value of the differen-
tial conductance dI/dV contrasts to the one obtained for the
symmetric case y = 1. Here dIL/dV and dIR/dV are not at
0.5 and they differ from each other, with dIL/dV > dIR/dV
for y < 1 and the opposite for y > 1. Parameters: ΓR = yΓL,
kBT = 0.01ΓL, ǫM = 0, ǫd = 0, λ
′ = 1ΓL.
and IR for λB = λA = λ (MBS), and their corresponding
dI/dV profiles for two asymmetry factors y = 0.5 (left
panels) and y = 1.5 (right panels). It is clear from the
plot that the system does not conserve current (IL 6= IR).
For larger enough bias voltages the currents IL and IR
attain different plateaus, which are confirmed by the an-
alytical results, recently derived by Cao et al. via Born-
Markov master equation technique, namely,33
IL =
ΓLΓR
Γ
[1 +
4(1/y − 1)λ′2
Γ2 + 4(ǫ2d + ǫ
2
M + 2λ
′2)
], (31)
IR =
ΓLΓR
Γ
[1 +
4(y − 1)λ′2
Γ2 + 4(ǫ2d + ǫ
2
M + 2λ
′2)
]. (32)
These large bias limiting values are plotted in Fig. (3)
as dotted lines. Looking at the zero-bias limit, one may
note that the slopes of IL and IR vs. V deviate from
each other with |IL| > |IR| for y = 0.5 and |IL| < |IR|
for y = 1.5. The differential conductance dIL/dV and
6dIR/dV clearly show the difference of the slopes at zero
bias, with dIL/dV ≈ 0.7 and dIR/dV ≈ 0.3 for y = 0.5
and dIL/dV ≈ 0.4 and dIR/dV ≈ 0.6 for y = 1.5. This
contrasts with the symmetric case, where both conduc-
tances are at 0.5, as predicted by Liu and Baranger.31
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FIG. 4. (Color online) (a) Differential conductances dIL/dV
and dIR/dV at zero-bias against y in the presence of a MBS.
dIL/dV is larger than dIR/dV for small y, they attain the
same value at y = 1 and then dIR/dV turns greater than
dIL/dV as y becomes higher than one. For comparison we
show dI/dV obtained via linear response theory. Parameters:
ΓR = yΓL, kBT = 0.01ΓL, ǫM = 0, ǫd = 0, λ
′ = 1ΓL.
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FIG. 5. (Color online) (a) Current and (b)-(c) differential con-
ductance against the bias voltage for three values of temper-
ature: kBT = 0.1ΓL, 1ΓL and 5ΓL. Both MBS and RF cases
are shown. For small temperatures both cases differ, however
as kBT increases the two regimes tend to the same results. In
particular, the characteristic signature dI/dV = 0.5G0 for a
MBS is washed out as the temperature enhances. Parameters:
y = 1, ΓR = yΓL, ǫM = 0, ǫd = 0, λ
′ = 1ΓL.
In Fig. 3(e)-(f) we plot the difference |IL− IR| against
bias voltage. It is clear that in the nonequilibrium regime
the current is not conserved with IL > IR for y < 1 and
the opposite for y > 1. As the bias voltage enlarges and
all the conduction channels (three channels in the pres-
ence of a MBS) become inside the conduction window,
the difference |IL − IR| attains the plateau predicted by
Eqs. (31)-(32).
In Fig. (4) we show how dI/dV evolves with y at the
zero-bias limit. Both dIL/dV (black) and dIR/dV (blue)
are shown. As a matter of comparison we also plot dI/dV
obtained via the standard linear response expression, Eq.
(30). While all results coincide for the symmetric case
(y = 1), they all differ for y 6= 1.
Finally, Fig. (5) shows I vs. V curves and the corre-
sponding differential conductance for different tempera-
tures in the symmetric case (y = 1). Both the MBS and
RF cases are presented. As the temperature increases
the curves for both regimes tend to become smoother, as
expected due to the smearing out of the Fermi function
around the chemical potential of the electronic reservoirs.
In particular, opposite behavior between MBS and RF
are seen at the slope of the I−V curve around zero bias.
While in the MBS the slope is suppressed for increasing
kBT , it is amplified in the RF case for kBT = 1ΓL. This
behavior can be clearly seen in the differential conduc-
tance dI/dV at zero bias. Remarkably, both MBS and
RF cases coincide for large enough temperature and the
I − V presents a linear profile.
IV. CONCLUSION
We have studied nonequilibrium quantum transport
in a quantum dot attached to two leads and to a lo-
calized Majorana bound state. Our approach, based on
the Keldysh nonequilibrium Green’s function, allows us
to study transport through the whole bias voltage range,
starting at the zero-bias limit and moving up to the large
bias regime. Previous works investigate separately only
the zero-bias or the large bias limit. To the best of our
knowledge this is the first work that covers the entire bias
window. Our findings include the characteristic slope of
G0/2 in the I − V profile at the zero-bias limit when
the two leads couple symmetrically to the quantum dot,
in accordance to the prediction of Ref. [31]. However, in
the asymmetric case (y 6= 1) we find a deviation from this
slope, with dIL/dV > G0/2 and dIR/dV < G0/2 or the
opposite, depending on the degree of asymmetry. We
also compare both dIL/dV and dIR/dV with the con-
ductance obtained via Eq. (30). They all agree only
for symmetric coupling (y = 1). This indicates that a
full nonequilibrium quantum transport formulation is re-
quired to a better description of the system. Our results
were also compared to those expected when a quantum
dot is coupled to a RF zero-mode, instead of a MBS. The
two cases (RF and MBS) differ appreciably in the entire
bias-voltage range, not only at the zero bias regime. Ad-
ditionally, we observe the formation of a plateau in the
I −V profile for intermediate bias voltages when the dot
is coupled to a MBS. This plateau is not seen in the RF
case. We also note that when the reservoirs temperature
is large enough the two cases coincide, thus becoming in-
distinguishable via transport measurements if the dot is
attached to a RF level or to a MBS.
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